
Metarhizium robertsii infecting giant cockroach
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Use entomopathogenic fungi to deliver insecticidal molecules



AaIT （70aa)

Metarhizium genetic engineering

Wang and St. Leger Nature Biotechnology, 2007. 25:1455.
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Hirsutellin A-similar to well-

characterized ribosomal inhibiting 

proteins (inhibits protein synthesis)

Stacking genes into Metarhizium

Lqh-dprIT3 (ED50 on blowflies is 

3-5ng/100mg body weight).



Effectors Source Targets

Scorpine Pandinus imperator Toxic to Plasmodium

SM1 Synthesized Blocks sporozoite invasion of salivary glands

PfNPNA Human Agglutinates Plasmodium

SM1:Scorpine Synthesized Synergistic or additive effects between  SM1 and 

Scorpine



Halobacterium tolerates high levels of 

sunlight in its natural environment. UV 

causes dimerization between adjacent 

pyrimidines. It was shown that 

Halobacterium is extremely efficiently 

photoreactivated, and survival is restored 

to near 100% after relatively high UV 

doses. The principal protective enzyme is 

a photolyase
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It will soon be possible to engineer microbes that show 

narrow specificity for target pests and that persist in the 

environment, providing sustainable cheap control for 

much longer periods than existing chemicals. 

From the point of view of risk assessment, the issue of 

strain mutability and stability will be crucial to these 

endeavors 

A science based regulatory system currently has three 

requirements for enhanced biocontrol agents: 

limited off site dispersal, 

poor long term persistence, 

limited possibility of recombination between 

pathogens (Gressel, 2007). 



Metarhizium homologous gene overlap

Multitudes of mutational differences related to virulence or host range 

are found in Metarhizium species adapted to different hosts. The number 

of mutations required for a non pathogenic fungi to attain virulence or 

for a pathogen to change host range may make it almost impossible to 

achieve in human times, and such changes are only likely on an 

evolutionary time scale (50,000 years in F. oxysporum)



The possibility that transgenes will move by horizontal transfer into fungi in other 

families or kingdoms is remote. Metarhizium CYP is 86-92% similar to Pseudomonas 

CYP proteins.





The parasexual cycle is a mechanism for hybridization. The 

barriers blocking vegetative fusion of different fungi include 

vegetative incompatability, which results from heterokaryon 

incompatability proteins that block exchange of DNA. 

M. acridum has fewer (25 genes) heterokaryon 

incompatibility proteins than M. robertsii strain 23 (35 

genes), so M. acridum may be less reproductively 

isolated than M.robertsii. 

However, 

it is likely that M. acridum with its more specialized 

lifestyle and narrow environmental range encounters 

fewer genetically distinct individuals than the more 

opportunistic M.robertsii. 



Gene functional description A. nidulans N. crassa M. anisopliae M. acridum

ABC transporter required for a-factor transport AN2300 NCU07546 MAA_05864 MAC_03697

Amino acid permease involved in sexual differentiation AN5678 NCU05830 MAA_04108 MAC_08710

APC component AN0905 NCU00494 MAA_03573 MAC_08351

APC component AN8002 NCU01377 MAA_01547 MAC_02072

APC component AN2772 NCU05901 MAA_04652 MAC_09483

APC component AN4735 NCU01963 MAA_03722 MAC_05347

APC component AN8013 NCU01174 MAA_09174 MAC_05975

APC regulator AN2965 NCU01269 MAA_03661 MAC_06443

APC regulator AN2965 NCU01269 MAA_03661 MAC_06443

APC regulator AN0814 NCU02616 MAA_00735 MAC_06221

Ascospore lethal-1 AN2911 NCU01345 MAA_02972 MAC_03844

Ascospore maturation-1 AN5836 NCU01414 MAA_02988 MAC_03829

Ascus development; rhamnogalacuronase B AN7135 NCU05598 — —

Ascus development-4 AN6221 NCU07039 MAA_06419 MAC_07065

ATP-dependent efflux pump for a-factor like pheromone AN2300 NCU07546 MAA_05864 MAC_03697

Binuclear zinc transcription factor AN5170 — MAA_05237 MAC_05412

B-type cyclin AN2137 NCU01242 MAA_07313 MAC_00492

CAAX prenyl protease a-factor C-terminal processing AN6528 NCU11314 — MAC_01887

Chromosome segregation, kinetochore-associated Ndc80 complex AN4969 NCU03899 MAA_02015 MAC_03415

Dipeptidyl aminopeptidase alpha-factor processing STE13 AN2946 NCU02515 MAA_03364 MAC_07820

Dipeptidyl aminopeptidase for a-factor processing STE23 AN8044 NCU00481 MAA_05780 MAC_03112

DNA-binding helix-hairpin-helix protein, DNA strand exchange AN9092 — — MAC_01106

Endoprotease for alpha-factor processing AN3583 NCU03219 MAA_05263 MAC_02797

Fork head domain TF, meiotic regulator AN8858 NCU06173 MAA_05810 MAC_03141

GATA-transcription factor  AN3152 NCU01154 MAA_05601 MAC_01133

GEF involved in conjugation; related to Sc CDC25 AN2130 NCU06500 MAA_03615 MAC_06489

GTP binding (alpha-1 subunit) involved in conjugation AN3090 NCU06729 MAA_05603 MAC_01131

HMG-box TF, target of pheromone signaling AN3667 NCU09387 MAA_00248 MAC_04576

Inducer of meiosis, S/T kinase AN6243 NCU01498 MAA_05403 MAC_01790

Kinesin-like motor required for karyogamy AN6340 NCU04581 MAA_04756 MAC_02000

MADS-box domain TF, pheromone receptor activator AN8676 NCU07430 MAA_07379 MAC_00861

Mating response protein POI2 — NCU05768.4 MAA_06024 —

Mating type  mat A-2 — NCU01959 — —

Mating type mat A-3 — NCU01960 — —

Mating-type mat A AN4734 NCU01960 MAA_03719 MAC_05350

Mating-type mat B (mat A-1) AN2755 NCU01958 MAA_03718 —

Mating-type M-specific polypeptide Mc, HMG-box TF AN1962 NCU03481 — MAC_07229

Mating-type switching protein swi10 AN4331 NCU07066 MAA_02005 MAC_03408

Meiosis-specific transcriptional activator AN6015 NCU09915 MAA_06439 MAC_08428

Meiotic B-type cyclin AN2137 NCU01242 MAA_07313 MAC_00492

M-factor farnesyl cysteine carboxyl methyltransferase AN6162 NCU00034 MAA_07087 MAC_07177

Microtubule-binding protein AN2862 NCU00243 MAA_09680 MAC_09803

Modulator of pheromone-inducible gene expression AN8676 NCU07430 MAA_07379 MAC_00861

Mutanase, cell wall turnover during sexual development AN7349 — — —

Pheromone adaptation feedback response AN7252 NCU00455 MAA_02467 MAC_01635

Pheromone precursor (alpha-factor like) AN5791 — — —

Pheromone Receptor (for a-factor like pheromone) AN7743 NCU00138 MAA_05941 MAC_00610

Pheromone Receptor (for alpha-factor like pheromone) AN2520 NCU05758 MAA_00341 MAC_02467

Repressor of b mating type regulated genes AN8211 NCU01238 MAA_01434 MAC_04053

Required for synaptonemal complex formation AN8259 NCU01120 — —

RNA binding protein required for meiotic recombination AN9090 NCU00768 MAA_07476 MAC_07476

RNA-binding protein involved in meiosis AN6494 NCU00118 MAA_03639 MAC_06466

RNA-binding protein involved in meiosis, Sp Mei4 target AN7700 NCU00556 MAA_03790 MAC_00971

SAM domain, similar to Sc STE50 AN7252 NCU00455 MAA_02467 MAC_01635

Serine carboxypeptidase, degrades extracellular P-factor  AN2555 NCU06720 MAA_09950 MAC_02763

Serine/threonine protein kinase, negative regulator of meiosis AN4935 NCU04990 MAA_09884 MAC_02282

Signalosome subunit 4, regulation of sexual development CsnD AN1539 NCU07361 MAA_04103 MAC_03079

Signalosome subunit 5, regulation of sexual development CsnE AN2129 NCU00467 MAA_08893 MAC_05426

Spindle pole body component AN5618 NCU09871 MAA_02280 MAC_03427

Sporulation regulated septin AN4667 NCU02464 MAA_10305 MAC_04367

Sporulation-specific enzyme required for spore wall maturation AN2705 — MAA_09988 —

Velvet activator VeA AN1052 NCU01731 MAA_01811 MAC_00039

Sexuality-related genes in Aspergillus 

nidulans and Neurospora crassa are 

retained in Metarhizium robertsii and M. 

acridum. These include putative α-

mating type genes and genes similar to a 

high mobility group (HMG) mating type 

gene, suggesting potential to be either 

self (homothallic) or non-self 

(heterothallic) fertile. 

The number of putative transposases in 

the M. acridum genome is 5-fold less 

than M. robertsii. This could result from 

RIP introducing CpG to TpA transitions 

in duplicated sequences during the 

sexual cycle. A RIP  bias was observed 

in M. acridum (RIP index, 2.17) but not 

in M. robertsii (1.09) 



Generalist strains of Metarhizium 

spp infect a wide range of insects 

such as grubs, crickets, termites, 

beetles and caterpillars

Unlike specialists, they also live 

at the rhizosphere of plants 

including grasses, beans, corn, 

onions, trees and cabbage

http://spatafora.science.oregonstate.edu

A foe to insects

One Fungus, Two Lifestyles: 
Generalist pathogen and plant symbiont

GMa
A friend to plants



Tribolium infected in the laboratory with RFP-2575 

and GFP-2575 showing how this technique enables 

us to detect infections by different strains



Field study to compare the biology of 
wild type M. robertsii strain 2575 with 

transgenic strains 

a) ∆Mcl1-reduced virulence

● co-expressing rfp

b) ∆MAD2-reduced ability to adhere to plant 
surfaces.

● co-expressing gfp

c) co-expressing GFP/RFP

● to identify colonies that have lost a marker



2) Monitor and compare indigenous M. anisopliae

population structure to introduced populations
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Cycling Patterns

Native Metarhizium Monthly Behavior Patterns
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Mad2 Monthly Behavior Patterns
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Rhizosphere competence helps 

account for Metarhizium being 

so common



Southern Blot Images for Ten Recovered Isolates using 

eight transposable elements 



Several fundamental issues regarding 

selection are poorly understood. When 

organisms adapt by natural selection to 

“new environments” do they do so 

because of changes in few genes or 

many? Can these genes be identified? 

Are the same genes involved in 

independent cases of adaptation to the 

same environment? We are attempting 

to picture the distribution and timescale 

over which genetic variation in traits 

can occur in a microbe in field 

conditions. This knowledge is 

fundamental to our understanding of 

how large the mutational and selective 

effects can be on an introduced or 

transgenic biocontrol agent. 



Genes with Significant Differential Gene Expression Compared to 

Total Numbers of Genes Assayed
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Microarrays were used to measure genetic changes (mutability) after 3.5 years in field 

conditions-mutations in many different loci can effect abundance of any one transcript 

and a single mutation in a regulatory loci can effect many genes. Recovered isolates 

differed from the input strain by an average of 0.28% of the genes. Stress and cell wall 

genes were disproportionately altered in expression. Genes effecting pathogenicity were 

highly conserved.

*

*



Treatments Isolates assayed Percentage of

recombinants

Ma2575GFP×Ma2575RFP 8091 1.2 %

Ma2575GFP+RFP that have 

lost RFP or GFP

12682 0

Genetic recombination of Metarhizium anisopliae in turfgrass 

field site



Colonies expressing 

both gfp and rfp 

fluoresce in both 

red and green field, 

and appear yellow 

when the pictures 

are merged. This 

figure shows an 

unstable diploid 

recombinant from 

GFP-Mad2 RFP-

Mcl1 cross (isolated 

from the field) 

giving rise to 

parasexual 

segregants



Heterokaryon formation with latter nuclear and then parasexual 

recombinations; parasexual recombinations and/or replication of 

transposable elements could have produced the extra bands in segregants



The likelihood 

of gene transfer 

increases when 

two organisms 

are attacking 

the same target 

e.g., 

Staganospora

and 

Pyrenophora 

co-infecting 

wheat



Galleria 

coinfected 

by 

Ma2575GFP 

×

Ma2575RFP

. 





Crosses Conidia 

analysed a
Recombinant 

conidia b
Percentage of 

recombinants (%)

Mr2575RFP ×

Mr2575GFP

2634 624 23.7

Mr2575RFP ×

Mr23GFP

>10000 0 0

Mr2575RFP ×

Ma549GFP

>10000 0 0

Mr2575RFP ×

Ma1080GFP

>10000 0 0

Mr2575RFP ×

Bb252GFP

>10000 0 0

SeGFP × SeRFP c
2436 989 40.6

Co-infecting Galleria with spores expressing either GFP or RFP.

2575 vs 2575, 2575 vs 23, 2575 vs 1080, 2575 vs B. bassiana



Southern hybridization 

analysis of Metarhizium 

anisopliae Ma2575, Ma23, 

Ma549 and Beauveria 

bassiana Bb252 genomic 

DNA with ORF sequences 

of ten Ma2575 

transposable elements. 

Washes were conducted at 

low stringency (65℃ in 

0.5 × SSC). 



Failsafe mechanisms could be used, depending on the ability of a 

pathogen to sexually or asexually conjugate with related organisms-

what is possibility of mutation to a broader host range, and the 

means by which the pathogen is applied

Strains 2575 and 23 have strong barriers that prevent recombination

Fusarium oxysporum is subdivided into hundreds of forma 

speciales each with its own host range-diverged from each other at 

least 50,000 years ago

Under severe selection pressure, chromosomes transferred between 

strains converting a non-pathogen into a pathogen of tomatoes. If 

this happened in nature it could explain the polyphylectic origin of 

host specificity in F. oxysporum (Ma et al., 2010 Nature 464: 367-).

M. majus and M. acridum are monophylectic





Insect fungal pathogenesis

Small C. & Bidochka J. M., 1999

Haemocoel



During Agrobacterium mediated 

transformation, the transferring 

region between the right (RB) and 

left (LB) borders is excised and 

inserted into the fungal genome. 

LoxP/FRT: the hybrid recognition 

site of recombinases CRE and 

FLP. NLS: nuclear localization 

sequence (from a Metarhizium

transcription factor) targets 

recombinases to the nucleus. 

PPM: promoter of the late 

expressing pheromone processing 

metallopeptidase. PMcl1: the 

Mcl1 promoter. 



pBARGFP-mitigator. AaIT (insecticidal gene) flanked by an antisense 

mitigating gene under control of an infection specific promoter (Mcl1) to 

suppress sporulation and block gene flow.

A. Wild type M. 

anisopliae; B, white spored 

mutant; C, asporogenic 

“fluffy” mutant, and D, 

spontaneous autolysis



Conclusions
Spread of genes between fungal species is very rare-only one 

reported case

The risk of transgene introgression between strains of the same 

species needs to be considered on a case-by-case basis, depending 

on sexuality and heterokaryon compatability.

● insects are hot spots for recombination for at least some 

Metarhizium strains (how common are co-infections?)

Where natural barriers exist, anti-introgressional failsafe 

mechanisms could lower the risk to an infinitesimal level, 

providing a level of containment and safety greater than that of the 

inefficient wild type.

However-what about long term goal of producing specific 

pathogens that recycle through pest populations suppressing them 

more cheaply than chemical insecticides?



Brown Marmorated Stink Bug 



Rhizosphere competence places sharp focus on the biology of 

the soil root interface as a site where plants, insects and 

pathogens interact.

Metarhizium as a plant growth stimulating agent



Applying Metarhizium conidia to seeds increased 

mass of recovered winter wheat seeds

Average Seed Weight for Each Treatment
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This strain was not specifically selected for its rhizosphere 

competence. Metarhizium has a multifactorial influence on 

plant growth that could potentially be modified and improved. 

A deeper understanding of the mechanistic basis of 

rhizosphere competency could enable us to identify genes that 

we could use to develop Metarhizium as a comprehensive 

plant symbiont

Average Growth Rate of Winter Wheat
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Selected or improved strains of M. anisopliae that were 

comprehensive plant symbionts could be implemented as 

part of an IPM approach to reduce use of:

http://www.superway.com.au/Images/Products/Dimethoate300.jpg

http://www.orau.org/ptp/collection/consumer%20products/fertilizer.jpg



Wild type Mrt

Rhizosphere competency assay





Construction of Metarhizium anisopliae T-DNA Library using 

Agrobacterium tumefaciens-mediated transformation

Ti-Plasmid

Integration of T-DNA into fungal genome

Fungal genome

 Conidiation mutants

 Virulence mutants (decreased or 

increased) adhesins, immune       

evasion, osmosensor, CDE’s

 Mutants related to other fungal traits, 

in particular rhizosphere competence 

T-DNA transfer

The genome is linked with the mutant library by extensive sequencing of 

the insertion sites. It is thus a seamless process to go from identifying a 

novel gene sequence to finding the corresponding insertion sequence.



MAD1 adhesin, spore 

adhesion, 8-12hrs pi
MPL1, turgor pressure 

and penetration,  16-20 

hrs pi

MOS1, osmosensor,

24-30 hrs pi

MCL1, Immune protective 

coat, 30-72 hrs pi

Eukaryot. Cell, 2008. 7: 302. 

PNAS, 2006. 103: 6647.

JBC, 2007. 282: 21110.

Eukaryot. Cell, 2007.6:808.

Genes and infection



Blue Mountains funnel-web spider Hadronyche versuta

being milked for venom



A), Cercopid bug and B), ant collected from pit fall traps and 

maintained in the lab. Both insects died within two days and were 

placed on selective medium. Fluorescent hyphae (sporulating in A) 

confirm infection with ΔMad2. Red fluorescent hyphae were never 

observed emerging from cadavers confirming low infectivity of ΔMcl1. 

C) Spider from a pit fall trap plated onto selective medium was 

carrying ΔMad2. Spiders were not hosts for M. robertsii, but dispersed 

it for several weeks after inoculation.



Antibodies that target, for example, hormone receptors 

would allow construction of very effective, highly specific, 

biopesticides with minimal negative environmental impact



Segregants Phenotype of segregant Percentage (%)

SeGFP Green florescence 17.14

SeRFP Red florescence 49.79

SeUnGR No florescence 32.93

SeGFPRFP Green and Red 

florescence

0.134

Parasexual segregants derived from the first haploidization 

process of a Ma2575GFP×Ma2575RFP  recombinant
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Grasshoppers infected with wild 

type M. acridum Ma324. (B) 

Galleria infected with Ma324-

Mest1. (C) Manduca sexta infected 

with wild type M. robertsii Mr2575 

and (D) transgenic M. acridum

Ma324-Mest1. 

Co-localization of Mest1 and neutral lipids 

demonstrated by Nile red staining of GFP-

MEST1 expressing cells in conidia (E), 

germinated spores of M. robertsii (F) and 

transgenic yeast (S. cerevisiae) cells (G), 

respectively. BR, bright field microscopy. GFP, 

fluorescent filter. NR, Nile red staining. 




